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We propose a scheme to perform braiding and all other unitary operations with Majorana modes in 1D.
The scheme is based on resonant manipulation involving the first excited state extended over the modes. The
detection of the population of the excited state also enables initialization and read-out. We provide an elaborated
illustration of the scheme with a concrete device.
The paradigm of topological quantum computation [1, 2]
provides an elegant solution to the most important problem
in quantum manipulations: decoherence problem. It imple-
ments a topologically protected degenerate ground state as a
computational basis. The degenerate state can be visualized
as a set of localized anyons while unitary operations are per-
formed by adiabatic exchange of the anyons, that is, braiding
of their world lines [2]. The braiding is feasible in 2D and im-
possible in 1D since anyons should not collide in the course
of operation. The intrinsically slow speed of adiabatic manip-
ulation, as well as the difficulties of read-out and initialization
of the protected states, should be compensated by the intrinsic
fault-tolerance of the operations.
Of all numerous physical realizations of topologically
protected degenerate ground state proposed, the Majorana
zero-energy states in hybrid semiconductor-superconductor
devices[3, 4] seems to be the most technologically advanced
and elaborated. After pioneering experiments [5], an enor-
mous outgoing research effort [6–8] resulted in considerable
improvement of the technology and new observations, yet the
quantum coherence in degenerate subspace still awaits ex-
perimental demonstration [9]. An obvious difficulty is that
Majorana modes are realized in 1D nanowires, making direct
braiding impossible. In principle, the 1D wires can be com-
bined into a 2D network. There are elaborated schemes to
realize braiding in various nanowire networks, for instance, in
T- or Y-junctions [10–12]. A enormous technological chal-
lenge to make such networks with necessary controls is being
addressed [13], but the progress is slow so far.
In this Letter, we propose a scheme to realize Majorana
braiding in a single 1D nanowire. Eventually, with this
scheme one can realize any unitary transformation in the de-
generate subspace, as well as initialization and read-out in this
subspace. The scheme uses resonant manipulation technique,
the resonance being between the degenerate subspace and the
lowest excited state that extends over all Majorana modes.
The initialization and read-out is possible if the population
of the excited state is detected.
Strictly speaking, the scheme compromises the quantum
computation paradigm since the topological protection fails
during the operation. The system is subject to relaxation while
being in the excited state. There are standard means to reduce
this only source of decoherence, and make the operation time
shorter than the corresponding relaxation time. It is important
that the protection is preserved between the operations. This
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FIG. 1. The setup for the resonant manipulation of Majorana modes.
The proximitized nanowire (orange rectangle) with the inverted gap
in the middle section hosts four Majorana modes (γ1−4) formed on
the edges of the sections of different topology. The four gates in
the vicinity of the modes are used to apply a pulse sequence for the
resonant manipulation, the resonance being with the lowest excited
state (red line) extented over the modes. A quantum dot on the left
can be used to detect the population of the excited state.
makes the scheme an ideal tool to demonstrate persistence of
quantum superpositions in the degenerate subspace, and quan-
tify the macroscopically long decoherence time expected. In
the final part of the Letter, we discuss the use of the scheme
in wider context. We illustrate the scheme on the example of
a minimum concrete setup, at general level as well as with a
concrete microscopic model and numbers.
The setup under consideration (Fig. 1) encompasses a fi-
nite 1D wire brought in proximity with a superconductor. It
hosts 4 localized Majorana modes, two at the ends and two in
the middle. This is achieved by a gap inversion in the middle
section of the wire by a nearby gate. The wire sections at the
sides are thus in topological regime of parameters while the
middle section is topologically trivial. It is important for us
that the first excited state right above the gap extends over the
whole wire. This is achieved by matching the absolute values
of the gap in the middle and side sections by the gap inverter
gate. To achieve efficient resonant manipulation, we require
four more gates near the positions of Majorana modes. This
is all we need for resonant manipulation. To detect a possible
quasiparticle in the excited state, we put a quantum dot nearby
(it can be in the same nanowire). The addition energy of the
dot is tuned such that a quasiparticle in the excited state tun-
nels to the dot changing its charge, which is measured. For
effective detection, the tunnel rate should exceed the relax-
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2ation rate. The tunnel coupling can be switched on only for
duration of measurement.
To start with, let us understand the basis involving the Ma-
jorana modes and the first excited state. Let cL = (γ1 +
iγ2)/2, cR = (γ3 + iγ4)/2 be the quasiparticle annihilation
operators in Majorana subspace, and cex to be that in the ex-
cited state. A basis state is defined as |nL, nR〉|nex〉, where
nL, nR, nex = 0, 1 are the respective occupation numbers.
We thus have 8 states. They separate into two groups of four
corresponding to two possible total parities. There can be no
coherence between the states of different parities. We define
the bases as follows:
Φe = {|00〉|0〉, |11〉|0〉, |01〉|1〉, |10〉|1〉}, (1)
for the even parity, and
Φo = {|01〉|0〉, |10〉|0〉, |00〉|1〉, |11〉|1〉}, (2)
for the odd parity. The first two states for each parity form
Majorana subspace. We can thus realize a Majorana qubit for
each parity. We would like to perform unitary operations in
Majorana subspace. A particular unitary operation is a braid-
ing of two Majorana modes defined as Uij = 1√2 (1 + γiγj).
For instance, the braiding of the second and the third mode in
the odd basis Φe is given by
Uo23 =
1√
2
(1 + γ2γ3) =
1√
2

1 i 0 0
i 1 0 0
0 0 1 i
0 0 i 1
 . (3)
As we see, it is separated into blocks of Majorana and ex-
cited subspace, as these operations are independent. Since we
wish to operate in Majorana subspace, the excited block is ir-
relevant. The corresponding matrix in the even subspace is
obtained from (3) by the following transformation
Ue = ΣyσyU
o∗σyΣy. (4)
σy,Σy being Pauli matricies acting within and over the
blocks, respectively. Eventually, this relation holds for all
braidings as well as for any 4 × 4 matrix we consider here.
So we wish to perform braidings, as well as any unitary oper-
ations in Majorana subspace. This task by its own is senseless
unless we have means to initialize to a state in this subspace
and measure the result. Let us see how we can realize this by
resonant manipulation.
A resonant manipulation is performed by applying the os-
cillating voltages to the gates 1− 4 with the frequency match-
ing the energy spacing. At constant amplitudes, the general
Hamiltonian in rotating wave approximation reads:
Hrm =
(
α1cL + α2cR + α3c
†
L + α4c
†
R
)
cex + h.c. (5)
The four complex coefficients α1−4, are in linear relation with
the four complex voltage amplitudes at the gates, so 4 gates
suffice to control all coefficients. Applying a pulse of duration
t makes a unitary operation U = e−iHrmt in 8-dimensional
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FIG. 2. Initialization and read-out in Majorana subspace is achieved
by two resonant pulse sequences: developer and fixer, and subse-
quent measurements of the excited quasiparticle. Upper(lower)case
letters refer to Majorana superpositions of odd(even)parity, prime in-
dicates orthogonality, 〈a′|a〉 = 0. The measurement outcomes are
in square boxes. The protocol brings the system to the state |c〉 from
an unknown state. The probabilities of the measurement outcomes
give the probabilities of the states |a〉, |a′〉, |A〉, |A′〉. See the text
for details.
basis. The manipulation conserves parity, so the matrix sep-
arates in two 4 × 4 blocks Ue, Uo in the bases Φe,Φo. It is
simple and important to show that these matrices satisfy the
same relation (4) as the braiding matrices.
Let us stress that our aim is to find a unitary transformation
that works in Majorana subspace only. To this end, we require
a special form of the resulting U : that separated in two 2 × 2
blocks, like in Eq. 3. In other words, the excited state should
not be populated at the end of the resonant manipulation if we
start in Majorana subspace. This is impossible to achieve with
a single pulse. A key observation is that this can be achieved
combining several pulses. Two pulses with 8 complex param-
eters in total in principle suffice to realize our aim: an arbitrary
2 × 2 unitary transformation in Majorana basis. We describe
the concrete methods of the pulse design and give examples
further in the text.
Let us describe the protocol for initialization and read out
starting from an unknown state of unknown parity in Majo-
rana subspace. We will show that this requires two resonant
pulse sequences, that is, unitary transformations, and a mea-
surement after each sequence. We dub these sequences a de-
veloper and a fixer. To start with, let us assume that we start in
a Majorana state of even parity. Let us understand the effect
of the following 4× 4 unitary transformation:
De = |B〉|1〉〈a|〈0|+ |b〉|0〉〈a′|〈0| (6)
+|B′〉|1〉〈A|〈1| − |b′〉|0〉〈A′|〈1|.
Here, lowercase letters denote the Majorana states in the even
subspace (|00〉, |11〉 or their linear combination) while cap-
ital ones denote those in the odd subspace (|01〉, |10〉 or
their linear combination). The prime denotes a correspond-
ing orthogonal state, |a′〉 ≡ (iσy|a〉)∗, 〈a|a′〉 = 0 (note that
iσyiσy|a〉 = −|a〉). If the initial state is |a〉, this developer
brings the system to the excited subspace. The quasiparticle
tunnels to the dot, we measure outcome ”1” and the system
is in the state of the opposite parity, |B〉|0〉. (Fig. 2). If the
3initial state is orthogonal, no excitation occurs, we measure
output ”0” and get to the state |b〉|0〉. We see that the devel-
oper can be used to measure the probability of |a〉 if the initial
parity is known to be even, and the final state is known from
the measurement result. However, the parity is generally un-
known.
Let us see how the same developer works in the odd sub-
space. We apply Eq. (4) to obtain:
Do = −|B′〉|0〉〈a′|〈1| − |b′〉|1〉〈a|〈1| − (7)
− |B〉|0〉〈A′|〈0|+ |b〉|1〉〈A|〈0|.
We see that now the developer tries to distinguish between
|A〉 and |A′〉, while the final states for the same output are
opposite: |b〉|0〉 for ”1” and |B〉|0〉 for ”0”. Thus, we do not
know the final state if the parity is unknown, neither we know
which state has been measured.
However, the situation can be fixed if we apply another uni-
tary transformation. While this transformation does not de-
pend on the result of the first measurement, it depends on the
desired parity of the final state. In any case, the incoming
states of a fixer are the same as the output states of the devel-
oper in the Majorana subspace. Let us consider the even fixer
Fe first. Its representation for two parities reads:
F ee = |c〉|0〉〈b|〈0|+ |C〉|1〉〈b′|〈0|+ (8)
+ |C ′〉|1〉〈B|〈1|+ |c′〉|0〉〈B′|〈1|,
F oe = |c′〉|1〉〈b′|〈1|+ |C ′〉|0〉〈b|〈1| − (9)
− |C〉|0〉〈B′|〈0| − |c〉|1〉〈B|〈0|.
After the fixer, and the second measurement, the final state
is always |c〉|0〉, this solves the initialization task. If the out-
comes of the first and second measurements are ”11” or ”00”,
the initial parity was even. Otherwise, it was odd.
The odd fixer Fo has a similar structure,
F eo = |C〉|1〉〈b|〈0|+ |c〉|0〉〈b′|〈0|+ (10)
+ |c′〉|0〉〈B|〈1|+ |C ′〉|1〉〈B′|〈1|,
F oo = −|C ′〉|0〉〈b′|〈1| − |c′〉|1〉〈b|〈1|+ (11)
+ |c〉|1〉〈B′|〈0|+ |C〉|0〉〈B|〈0|.
In any case, the final state is |C〉|0〉. The measurement out-
comes ”11” and ”00” manifest even initial parity, ”01” and
”10” manifest odd initial parity. So both fixers not only solve
the initialization task: they determine the initial parity.
We see that the protocol described at the same time pro-
vides a measurement tool. Suppose we are able to arrange
an unknown state of unknown parity, and reproduce it on de-
mand. To characterize the state, one just repeats the protocol
collecting the statistics of outcomes. The probabilities of out-
comes ”11”,”00”,”10”,”01” give the probabilities of the basis
states |a〉, |a′〉, |A〉, |A′〉, respectively. The developer and fixer
pulse sequences can be designed and realized for any choice of
the superpositions |a〉, |b〉, |c〉, |A〉, |B〉, |C〉. In Supplemental
Material [14], we provide the concrete choice example.
To show the feasibility of the setup and the suggested pulse
sequence design, we now specify a microscopic model and
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FIG. 3. The concrete illustrative setup. The probability densities of
eigenfunctions and the positions of modulation gates 1− 4 chosen at
[0; 10], [30; 40], [55; 65] and [90; 100].
FIG. 4. Designed two-pulse sequence for the braiding U23. The
gate voltage amplitudes V1−4 times pulse durations t1,2 are given by
circle, plus sign, triangle and x-mark, respectively.
provide extensive numerical study for a concrete set of pa-
rameters. We make use of the Hamiltonian [3, 4] to model
a semiconducting nanowire with spin-orbit spectrum split-
ting, in the presence of applied uniform magnetic field B,
and proximity-induced superconducting gap ∆. The gap in-
verter gate is described by a coordinate-dependent potential
µ(x) such that its values in the middle and outer sections,
µm, µo satisfy the conditions of trivial B <
√
∆2 + µ2m
and non-trivial B >
√
∆2 + µ2o topology. The modulation
gates are described by a time-dependent addition µ(x, t) =∑
i Vi(t)Θ(x − xi)Θ(yi − x), xi, yi giving the start and end
position of the gate i (see Fig. 3). The Hamiltonian in use
reads
H0 =
∫
dxΨ†(x)
[(
− 1
2m
∂2
∂x2
− iαSOIσz ∂
∂x
− µ(x)
)
τz
+Bσx + ∆τx] Ψ(x), (12)
Ψ(x) = {ψ↑(x), ψ↓(x), ψ†↓(x),−ψ†↑(x)}, .
4ψσ(x) being the electron field operators.
We measure length and energy in units of (mαSOI)−1 and
mα2SOI , respectively. We compute the spectrum and wave-
functions diagonalizing the discrete-in-space appoximation of
the Hamiltonian (12), with the discretization step 0.2. We
choose a relatively long wire with length L = 100 and the
material parameters are of the order of 1: B = 3, |∆| = 2.5,
µm = −1.91, µo = −1.34, see [14] for details. The tran-
sition between these two values are smoothed at the lenght
scale of 3, and the setup has been made slightly asymmetric.
The bulk energy gaps correspondig to these parameters are
Ge = 0.146 and Gm = 0.164, they are not precisely equal
because of the finite size of the middle section. With this, the
lowest excited state at E1 = 0.175 is extended over the wire(
see Fig. 3). Higher excited states are situated at E2 = 0.180
and E3 = 0.187. For the resonant signal to address the low-
est excited state only, the inverse pulse duration should not
exceed the level spacing E2 − E1, this gives t > 103.
The wave functions are presented in Fig. 3. There are 4
Majorana localized modes with the width ≈ 5. We neglect a
marginal overlap between the states setting them at zero en-
ergy. The wave function of the first excited state reminds the
first particle-in-the box state with noticeable dips owing to or-
thogonality with Majorana peaks, and is extended over the
whole length of the wire. With these wave functions, we com-
pute the matrix elements of voltages applied to 4 gates whose
positions are given in Fig. 3. This gives as a 4 × 4 matrix Mˆ
that relates the voltage amplitudes and the resonant manipu-
lation coefficients αi (Eq. (5)). To design a pulse sequence
corresponding to a unitary operation, we compute the result-
ing matrix depending on the parameters αi and time duration
of each pulse, and iteratively minimize in αi the distance be-
tween the resulting and target matrix. Using the matrix Mˆ ,
we convert to the gate voltage amplitudes. The design for the
braiding of the second and the third Majorana mode is pre-
sented in Fig. 4, extensive examples are to be found in [14].
To conclude, we propose a scheme that allows to realize
braiding and all other unitary operations, as well as the mea-
surement and initialization, for a Majorana qubit in a single
1D wire. It suits ideally to demonstrate macroscopically long
coherence in Majorana space. The topological protection fails
only during the operation. We illustrate the scheme with a
concrete elaborated example.
Let us shortly present necessary discussions in a wider con-
text. No experimental system can be modelled with the ac-
curacy we did. However, to design the pulse sequencies, one
only needs E1 and the matrix M : the latter can be determined
from the analysis of the spectra of the dressed resonant state at
varying Vi. The resonance with the lowest state only is essen-
tial since it minimizes dissipation. Moreover, the excitation
to many excited states is exponentially suppressed owing to
destructive interference. The scheme can be readily extended
to more Majorana modes within the single wire. While this
can be done with a single state extended over the wire, but a
simpler design would involve separate excited states, each ex-
tended over a group of Majorana modes. This can be achieved
by proper profile of µ(x). At the moment, the technological
efforts are aimed to increase transparency of the barrier be-
tween the wire and the superconductor. As it is shown, for
instance, in [15] at sufficiently high transparency the wire is
not described by the Hamiltonian [3, 4] and eventually looses
the localized excited states. So the moderate transparency is
required for experimental realization of our idea. The idea
presented may be also useful in the context of more traditional
2D Majorana braiding: one can set a localized excited state,
switch on a resonant field, and move the modes passing the
state to achieve the resonant manipulation and read out.
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5SUPPLEMENTAL MATERIAL
In this Supplemental Material, we present additional details and calculations regarding the example setup under consideration,
as well as concrete designs of unitary transformations for quantum manipulation, initialization, and measurement.
S1. WAVE FUNCTIONS AND MATRIX ELEMENTS OF GATE VOLTAGES
To find the wave functions, we diagonalize numerically the Hamiltonian (12). Owing to BdG symmetry, they come in pairs
with positive and negative energies. We fix the phases of these wavefunctions in such a way that |ψ∗(E)〉 = σx|ψ(E)〉 and
|ψ(−E)〉 = −iτyσz|ψ(E)〉.
This suffices for the wave functions of the excited state, |ex±〉, ± corresponding to positive/negative energy. More work
is required for wave functions in Majorana subspace. Owing to a residual overlap of Majorana modes (see Section S5), the
eigenfunctions of the Hamiltonian are rather arbitrary linear combinations of the wave functions corresponding to the modes.
To establish a proper basis in the Majorana subspace, we proceed as follows. We take 4 Hamiltonian eigenfunctions with lowest
(residual) energies, form a matrix of elements of the operator x in this 4-dimensional basis, and diagonalize it. The 4 eigenvalues
correspond to 4 positions of the localized modes, and the corresponding eigenvectors are those of the modes. Next, we pick
up two modes (1 and 2) on the left, and diagonalize 2 × 2 matrix of the elements of an operator τz (any operator with BdG
symmetry would suffice). As the result, we obtain two eigenfunctions |L±〉 of the Majorana quasiparticle on the left. Picking
up two modes on the right (3 and 4), we construct |R±〉.
Next, we compute the matrix elements of the perturbation Hrm brought by the gate voltage modulations,
Hrm = −τz
∑
i
Vi(t)Θ(x− xi)Θ(y − yi), (S1)
xi, yi being start and end positions of the gate i. We rewrite Hrm in the second-quantization form (Eq. 5) to the BdG form
which allows us to express the coefficients αi in terms of eigenstates of the BdG Hamiltonian with positive (+) and negative (−)
energy eigenvalue, and find the following relations for the matrix elements,
α1 = 〈L−|Hrm|ex+〉; α2 = 〈R−|Hrm|ex+〉; α3 = 〈L+|Hrm|ex+〉; α4 = 〈R+|Hrm|ex+〉. (S2)
S2. RELATION BETWEEN PULSE PARAMETERS AND GATE VOLTAGE AMPLITUDES
The Hamiltonian for each resonant pulse is written in terms of resonant parameters α1−4. In odd subspace, it reads:
H =

0 0 α4 α1
0 0 α3 −α2
α∗4 α
∗
3 0 0
α∗1 −α∗2 0 0
 (S3)
Its form in even subspace is obtained from the relation He = −ΣyσyH∗oσyΣy .
To find the relation between the resonant parameters and the gate voltage amplitudes, we evaluate Eqs. (S2) for each Vi
independently, and invert the corresponding matrix. We obtain the linear relation Vi = Mijαj where the 4× 4 real matrix M is
given by
M =

27.9300 −0.0009 −27.8803 0.0009
−5.8723 −0.0219 −5.8375 0.0219
0.0083 4.6067 0.0082 −4.5970
0.0002 −13.8756 0.0002 −13.8682
 (S4)
S3. PULSE SEQUENCES REQUIRED FOR BRAIDING
For 4 Majorana modes, there are six possible braiding matrices Uij . We list here the explicit form of these matrices in the odd
subspace:
6Uo13 =
1√
2

1 −1 0 0
1 1 0 0
0 0 1 −1
0 0 1 1
 (S5)
Uo12 =
1√
2

1 + i 0 0 0
0 1− i 0 0
0 0 1 + i 0
0 0 0 1− i
 (S6)
Uo23 =
1√
2

1 i 0 0
i 1 0 0
0 0 1 i
0 0 i 1
 (S7)
Uo14 =
1√
2

1 −i 0 0
−i 1 0 0
0 0 1 i
0 0 i 1
 (S8)
Uo24 =
1√
2

1 −1 0 0
1 1 0 0
0 0 1 1
0 0 −1 1
 (S9)
Uo34 =
1√
2

1− i 0 0 0
0 1 + i 0 0
0 0 1 + i 0
0 0 0 1− i
 (S10)
As mentioned, their form in the even subspace is obtained by transformation (4) given in the main text.
To design the corresponding pulse sequence for a given target matrix U , we consider 2 pulses of resonant field with the
Hamiltonians given by (S3),
Π2 = e
−iH2t2e−iH1t2 (S11)
Π2 being the resulting matrix. We concentrate on the odd subspace. The resulting matrix depends on 8 complex parameters
α
(j)
i tj , j = 1, 2, tj being the pulse durations. We define a distance in the space of unitary matrices,
D = Tr
(
(U −Π2)(U −Π2)†
)
. (S12)
We mininize D iteratively in the space of α(j)i tj starting a random initial point. If the minimum is achieved at D = 0, we have
the solution. If D 6= 0 at the minimum, we repeat the procedure.
For all braiding matrices (S5), (S6), (S7), (S8), (S9), (S10) we obtain the required parameters α(j)i tj with the relative accuracy
∼ 10−3. Using the matrix M given by Eq. (S4) we obtain the corresponding voltage amplitudes for each pulse. The results for
all braiding matrices are collected in the Table I.
S4. DEVELOPER AND FIXER FOR INITIALIZATION AND MEASUREMENT
As discussed in the main text, we need two pulse sequences for measurement and initialization: a developer D and a fixer F .
For this illustration, we choose an even fixer Fe. In odd subspace, the corresponding unitary matrices are given by (7) and (10).
7Uo13
first pulse
3.5626+1.4379i 104.8326 -3.3360i
6.2875-0.7429i -51.6591 +8.0068i
2.5388-0.6246i -17.5693 +0.4805i
-0.2746+1.5416i -45.5943-41.3344i
second
pulse
-0.2407+1.3738i -79.6332 +2.4531i
-2.0651+1.3088i 7.5805-14.8275i
0.7874+1.2231i -10.5582 +0.3552i
-2.5298+1.4434i 38.4411-39.0808i
Uo12
first pulse
-1.8112+0.9887i -38.0629-103.3642i
3.1254-3.2631i -44.6421 +16.6691i
4.4961+0.4385i 8.8887 -14.0691i
0.1083-2.0622i 23.6168 +14.9035i
second
pulse
1.2309-3.2858i 72.2241+133.8673i
0.4281+1.5560i 10.0026 +9.7060i
-2.1617-3.2428i 21.4980 +18.1660i
3.4413+0.6674i -30.6798i +36.3059i
Uo23
first pulse
-2.3878+1.1627i 37.7004+76.3880i
1.0442+2.1060i -4.4629 -8.6305i
-0.3063-0.6299i 24.9729-12.4763i
3.0368-1.5506i -9.0232 +5.3913i
second
pulse
-2.0021+1.4490i 16.9146-44.3686i
-0.3673-2.1380i 7.7136+15.8356i
-0.9749-0.5503i 28.3286-14.1843i
4.1538-1.6281i -29.8720 +2.4944i
Uo14
first pulse
0.6530+2.2008i -127.1431-100.2741i
-2.3252-3.1458i 0.7380 +15.8719i
2.2310+0.4450i -22.5744 +0.7148i
-4.2483+2.3562i 49.8913 -63.2159i
second
pulse
-3.5774-2.0921i 102.6599-51.9062i
0.6735-0.5148i 13.4862 -4.8453i
-3.0076+1.3460i 24.2822 +2.3053i
1.7053+1.5887i 25.9498+51.0587i
Uo24
first pulse
-2.3317+0.5118i -69.7238-53.0538i
0.6100+0.1589i -21.7916-12.9138i
3.1119+2.0622i 9.0500-12.1150i
-0.3689-2.1230i 37.4569+22.3599i
second
pulse
4.4745+2.1958i 144.9705+13.2449i
2.2551+0.0303i 3.9829 +2.4324i
-2.9404-0.4445i -12.7219 -3.2558i
1.7047+1.4852i -85.7087-51.0616i
Uo34
first pulse
-0.5448-1.7311i -138.1478-32.2069i
-1.6033-4.3352i -10.1538+43.9911i
3.3487-3.1879i 4.3630+16.0604i
0.4002+1.7723i 2.0034 -0.5854i
second
pulse
-0.4689-0.3569j -41.7639+44.2386i
-1.9545-0.3445j 14.1960+13.3048i
-0.4600-1.9318i -6.8107 -0.8697i
-1.9420-0.5408i 33.4493+12.4548i
TABLE I. Matrix elements of resonant perturbation for all braiding transformations. Left: from top to bottom α4, α1, α3, α2. Right: from top
to bottom V1, V2, V3, V4
Applying two pulses brings the Majorana subsystem to |c〉. As mentioned, the eigenstates involved can be chosen in arbitrary
way. The concrete choice we made for this example is as follows:
|a〉 =
(
1
0
)
, |a′〉 =
(
0
−1
)
, |b〉 = 1√
2
(
1
−i
)
, |β′〉 = 1√
2
(
i
−1
)
, |c〉 = 1
2
(√
3
1
)
, |c′〉 = 1
2
(
1
−√3
)
(S13)
|B〉 = 1√
2
(
1
1
)
, |B′〉 = 1√
2
(
1
−1
)
, |A〉 =
(
i
0
)
, |A′〉 =
(
0
i
)
, |C〉 = 1
3
(
1
2
√
2i
)
, |C ′〉 = 1
3
(−2√2i
−1
)
(S14)
To design the corresponding pulse sequence, we apply the same numerical method as above. A peculiarity that the convergence
for two pulses is rather poor. So for these transformations we implement three-pulse design:
Π3 = e
−iH3t3e−iH2t2e−iH1t3 . (S15)
to achieve the relative accuracy ∼ 10−3. The resulting matrix elements α(j)i tj and corresponding voltage amplitudes for these
three pulses are presented in Table II .
8Do
first pulse
-2.0495+2.0042i -61.1507+49.7052i
-4.0966+4.5633i 35.1354-43.0467i
-1.9107+2.7887i 15.8924 -6.3745i
1.4154+0.6030i 8.7827-36.1612i
second
pulse
6.5586-1.2382i 48.9201i-67.7397i
-1.3629-5.4106i 26.3007+49.2372i
-3.1199-2.9906i -17.6294 -1.3374i
2.7259-1.5108i -128.7829+38.1339i
third
pulse
-1.4867-0.6612i -16.1835-22.9873i
0.5468i-0.1334i -9.7742 -3.3047i
1.1283+0.6907i -4.9286+11.7841i
-2.5564+1.8971i 56.0909-17.1536i
F oe
first pulse
0.6126-0.8434i -37.9861+72.2040i
-1.8684 +0.2338i 13.9809+12.3891i
-0.5092-2.3555i -7.5534 -2.4738i
-1.0239-1.3748i 5.7111+30.7735i
second
pulse
-0.3808+2.1101i 39.7697-72.3703i
0.0977 -0.4129i 7.1449-10.2913i
-1.3286+2.1820i 7.7986 -4.5144i
1.3150+1.1225i -12.9653-44.8405i
third
pulse
0.3121-1.2087i 16.1518+13.2206i
-0.9123+0.4286i 14.0443 -2.2930i
-1.4933-0.0448i 6.4710 +7.8246i
1.7204+0.4916i -28.2014 +9.9404i
TABLE II. Matrix elements of resonant perturbation for 2 necessary unitary transformations in parity measurement scheme. Left: from top to
bottom α4, α1, α3, α2. Right: from top to bottom V1, V2, V3, V4
S5. RESIDULAL OVERLAP OF MAJORANA MODES
For the example setup under consideration, we still have a remaining overlap between the separated Majorana modes, since
their width ' 5 is only a factor of 5 smaller than the minimal distance. Owing to the overlap, the two lowest eigenergies are
finite, 4.14e− 03, and 2.33402015e− 05. If we express this as a Hamiltonian in the left-right basis in use, it reads
0.00049355 0.00205414 −0.00205413 0
0.00205414 0.00019598 0 0.002054132
−0.00205413 0 −0.00019598 −0.002054143
0 0.002054132 −0.002054143 −0.00049355


L−
R−
L+
R+
 (S16)
This Hamiltonian, in principle, results in unitary evolution at time scale ' 1000. We did not take this evolution into account
neglecting the corresponding Hamiltonian. The overlap can be easily made exponentially smaller for longer setups.
